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In a series of 24 consecutive patients referred to the
echocardiography laboratory because of suspected
patent foramen ovale, contrast two-dimensionaland M-
mode echocardiographic studies were performed during
normal breathing and during two provocative tests: the
\'alsalva maneuver and cough. A right to left shunt was
visualized in 8 patients during normal breathing, in 11
patients during the Valsalva maneuver and in 17patients
during the cough test. Cardiac catheterization per-
formed in all 24 patients and postmortem examination
available in 3 patients confirmed the patency of the fo-
ramen ovale in only 15 patients. In these 15 patients,
echo contrast appeared in the left heart cavities in early
systole and almost simultaneously with complete right
heart opacification. In contrast, for the two falsepositive
The presence of a patent foramen ovale has been demon-
strated in approximately 35% of postmortem studies (1) .
Reversal of the normal interatrial pressure gradient may lead
to various complications, The most frequent and severe of
these complications is paradoxical embolism which has been
reported (2) to occur in at least 7% of systemic throm-
boembolic events . However , the small number of cases
reported so far is at variance with the frequency of patent
foramen ovale discovered at autopsy or during routine car-
diac catheterization. This might be partially due to the fact
that the demonstration of patency of the foramen ovale usu-
ally required cardiac catheterization (2- 5) or at least re-
cording of dye-dilution curves during a Valsalva maneuver
(4-7) .
Recently , contrast echocardiography performed during
the Valsalva maneuver has been reported to detect the pa-
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results during the cough test, ultrasound contrast ap-
peared at any time of the cardiac cycle when the right
heart cavities had been partially cleared of contrast ma-
terial. Right and left atrial pressures were simulta-
neously measured in four patients, and the normal in-
teratrial pressure gradient was reversed during the Val-
salva maneuver and the cough test. Echocardiography
during both provocative tests showed that the interatrial
septum flattened or became convex toward the left
atrium.
The cough test appears to be more reliable and easier
to perform in critically ill patients than the Valsalva
maneuver {or the detection of right to left shunting
through a patent foramen ovale.
tency of a foramen ovale (8,9) , with a sensitivity of only
64% (9), Since coughing has been reported (10) to cause
the same hemodynamic changes as the Valsalva maneuver,
we combined contrast echocardiography with a cough test.
Preliminary results in our laboratory ( 11) showed that this
provocative test was as sensitive as the Valsalva maneuver ,
but easier to perform . Thus, the aim of the present study
was to evaluate the diagnostic reliability of both provocative
tests during contrast echocardiography in a prospective
series of 24 consecutive patients with a potentially patent
foramen ovale who underwent cardiac catheterization .
Methods
Patients. The study group (Table I) consisted of patients
with various clinical presentations but in whom a patent
foramen ovale was likely to be shunting from right to left
because of possible transient elevated right heart pressures.
There were 11 men and 13 women with a mean age of 48
years (range 17 to 83). Patients were referred to the echo-
cardiography laboratory because of suspected paradoxical
embolism (five patients, of whom two have been previously
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Table 1. Clinical , Contrast Echocardiographic, Hemodynamic and Angiographic Characteristics in 24 Patients
Echocardiographic Contrast Study Cardiac Catheterization
Age (yr) Normal Valsalva Cough Passage of Site of
Case &Sex Clinical Feature Breathing Maneuver Test the Catheter* PAP RAP PWP LAP Angiography
I 70/M RV infarction + + 50123 (32) 18 22 RV
2 211M Ebstein's anomaly + + 16/8 (12 ) 7 10 9 RV
3 53/F Paradoxical embolism + + 34113 (22) 3 7 PA
4 201M RV tumor + + 23/17 (20) 17 6 RV
5 41/M RV dysplasia + + 21 /9 (I2) 4 6 7 RV
6 64/M Paradoxical embolism + + + 38/16 (23) 4 7 PA
7 291M PA embolism + + + 77/34 (40) 7 5 PA
8 17/F PA valve stenosis + + 25/5 (12) 5 12 5 RV + PA
9 17/F Congenital complete + + + + 16/6 (10) 2 6 6 RV
AV block
10 361M PA embolism + + + + 50125 (35) 12 10 PA
II 45/F Paradoxical embolism + + + 17/11 (7) 5 7 8 PA
12 59/M RV infarction + + + 2611 4 (21) 15 18
13 68/F PAembolism 56/28 (40) 5 8 PA
14 75/F RV infarction 30122 (25) 14 18
15 83/F RV infarction 24116 (20) 8 19
16 68/F Paradoxical embolism 26114 (18) 6 II PA
17 521M RV infarction 31117 (19) 12 13
18 54/F RVinfarction + + + + 18/10 (14) 7 12 18 RV
19 5liM RV infarction + + + + 28/9 (16) 2 12 4 RV
20 70/F Paradoxical embolism + + + + 19/6 (12) 2 5 3 PA
21 67/M RVinfarction 59/20 (34) 12 30
22 57/F Anomalous pulmonary + + + + 23/9 (13) 4 7 6 RV + PA
venous drainage
23 36/F PA embolism 60/22 (40) 8 20 RV + PA
24 56/F RV infarction + + + 45/20 (25) IO 5
*Passage through the interatrial septal defect; AV = atrioventricular; F = female; LA left atrium; LAP = left atrial pressure; M = male;
PA = pulmonary artery; PWP = pulmonary wedge pressure; RAP = right atrial pressure; RV = right ventricular; + = positive; - = negative,
reported [IID, right ventricular involvement associated with
acute infer ior myocardial infarction (nine patients), pul-
monary embolism (four patients), right ventricular tumor
(one patient), right ventricular dysplasia (one patient), pul-
monary valve stenosis (one patient), congenital complete
atrioventricular block with a systolic murmur (one patient),
anomalous pulmonary venous drainage (one patient) and
Ebstein's anomaly (one patient),
Echocardiographic studies. Two-dimensional and M-
mode echocardiographic examination was performed using
a Diasonics V3400 R sector scanner. Patients were studied
using multiple ultrasonic windows. All four cardiac cham-
bers and valves were carefully analyzed. Special attention
was paid to the interatrial septum using the apical four
chamber and subcostal long-axis views. Contrast echocar-
diography was then performed by injecting agitated 5%
glucose solution through the proximal hole of a 7F Swan-
Ganz catheter in 9 patients hospitalized in the cardiac care
unit, or through a 30 ern 4F Vygon catheter inserted per-
cutaneously into a brachial vein in 15 ambulatory patients
investigated in the echocardiography laboratory. The entire
procedure was taped on a Panasonic l VC BR 6400 TR
recorder for further forward and backward frame by frame
analysis searching for either the negative contrast image due
to left to right shunting or the immediate appearance of echo
contrast in the left heart cavities due to right to left shunting
at the atrial level. Additional contrast studies were devoted
to investigate whether or not a provocable transient right to
left shunt was occurring at the atrial level during the Val-
salva maneuver and during a series of coughs.
The Va/salva maneuver was performed as follows : the
patient was asked to take in a deep breath and to blowout
from his or her lungs into a mouthpiece connected by tubing
to a mercury manometer in order to maintain a pressure of
40 mm Hg for 30 seconds. Microcavitations were injected
just before the patient was asked to stop the maneuver and
quickly empty the lungs and hold expiration, This procedure
was repeated three to four times to ensure proper technique
and timing of recording. A cough test was then performed
by having the patient make a series of brief coughs while
contrast medium was injected. During both the Valsalva
maneuver and the cough test, two-dimensional echocardi-
ographic recordings were obtained.
A right to left shunt was considered to be present when
five or more microbubbles were obviously seen in the left
heart cavities immediately after opacification of the right
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heart chambers. The echocardiographic diagnosis of a patent
foramen ovale was based on the following echo contrast
criteria 1) absence of any negative contrast image in the
right atrium, and 2) presence of spontaneous or provocable
right t() left shunt at the atrial level demonstrated by the
appearance of microcavitations into the left heart chambers.
Using the electrocardiogram as a reference, it was possible
to determine the precise timing of the shunt during the
cardiac cycle .
In addition, studies of the interatrial septum were per-
formed with subcostal M-mode echocardiography in five
patients. Atrial septal motion was carefully analyzed relative
to the electrocardiogram, as suggested by Tei et a1. (12).
Hemodynamic studies. All patients underwent right
heart catheterization using the femoral vein approach. Cath-
eterization of the left side of the heart was performed only
when necessary for the diagnosis. Serial blood samples were
drawn from the right heart cavities to detect a possible
oxygen step-up . Several attempts were made to cross the
atrial septum with the catheter. Serial thermodilution curves
were analyzed for the presence of an early recirculation on
the downslope as evidence of a left to right shunt. The
diagnosis of patent foramen ovale was made on the basis
of the following criteria : I) passage of the catheter across
the atrial septum, and 2) absence of any left to right shunting
detectable by oximetry and dilution curves . At the end of
the procedure, pulmonary angiography was performed in
11 patients. Additional right or left heart opacifications were
obtained when needed for complete investigation.
In 1 of the 24 patients and in 3 additional patients (Pa-
tients 25, 26 and 27) with a secundum atrial septa] defect,
right and left atrial pressures were simultaneously monitored
during the Valsalva maneuver and cough test. Catheters
were matched for equal length, volume and transmission
time and connected to Statham P23Db transducers. One of
the atrial pressure curves was identified using the special
marker available on the Honeywell Meddars 300 catheter-
ization system. Thus, it was continuously possible to ana-
lyze the relation between left and right atrial pressures.
Pathologic studies. Three patients with acute myocar-
dial infarction died. Postmortem examination showed the
lack of any atrial septal defect or other intracardiac com-
munication (Patients 12, 21 and 24),
Results
Clinical characteristics and two-dimensional echocardi-
ographic and hemodynamic findings are presented in Ta-
ble 1,
Echocardiographic studies. In the five patients sus-
pected to have paradoxical embolism, no left-sided cardiac
disorder was found, In all 24 patients, the atrial septum
Figure 1. Patient 8, Cough-induced right to
left shunt through a patent foramen ovale .
Upper panel, Two-dimensional apical four
chamber view before (A) and after (B) right
heart opacification with microcavitations
(m) . Lower panel, During a series of
coughs, contrast material appears in the left
heart cavities (C) and fills the left ventricle
(LV ) almost completely (D). LA = left
atrium; RA = right atrium; RV = right ven-
tricle .
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appeared free of any defect and no negative contrast image
could be demonstrated during contrast echocardiography.
Contrast material appeared in the left heart chambers in early
systole, almost simultaneously with the complete opacifi-
cation of the right heart chambers during normal breathing
in 6 patients, during the Valsalva maneuver in 9 patients
and during repetitive coughs in 15 patients (Fig. 1). In two
patients, contrast material was seen in the left heart cavities
during normal breathing and after both provocative tests ,
but at any time of the cardiac cycle and when the right heart
cavities had been partially cleared of contrast material. Fur-
thermore, the Valsalva maneuver as well as the cough test
led to a loss of the normal curvature of the atrial septum,
which flattened or even became convex toward the left
atrium on apical views.
Hemodynamic findings. A left to right shunt was ex-
cluded in 23 patients by the absence of any oxygen step-up
and peak of recirculation on the downslope of the ther-
modilution curves. The remaining patient had an isolated
anomalous pulmonary venous drainage. A patent foramen
ovale was crossed by the catheter in 15 of the 17 patients
with a positive contrast echocardiographic study. In the
seven patients with a negative contrast echocardiogram, no
defect of the atrial septum could be demonstrated by cath-
eterization. Using cardiac catheterization as a reference
method, sensitivity, specificity and predictive values of con-
trast echocardiography during normal breathing, Valsalva
maneuver and cough test were established (Table 2).
Hemodynamic and echocardiographic changes in-
duced by provocative tests. Examples of simultaneous
right and left atrial pressure tracings during the Valsalva
maneuver and the cough test are shown in Figures 2 and 3.
During the strain phase of the Valsalva maneuver (phase
2), there was no change in either mean or instantaneous
atrial pressure gradient. During the release phase of the
Valsalva maneuver (phase 3), the interatrial pressure gra-
dient tended to return to zero or even reversed. It should
be noted that in all patients who were in normal sinus
rhythm, the release phase lasted for less than two beats (Fig.
2). With a series of short coughs, the normal interatrial
pressure gradient was reversed during several cardiac cycles
(Fig. 3). Under basal conditions , M-mode recordings of
interatrial septal motion exhibited a wavy pattern (Fig . 4);
the atrial septum protruded toward the left atrium just at the
QRS complex. During the cough test, interatrial septal mo-
tion exhibited the same motion pattern, but the configuration
changes during early systole were greater in magnitude. This
consistent with the reversal of the interatrial pressure gra-
dient during a cough as shown in Figure 3.
Discussion
In several series of unselected autopsy cases (1,13) , a
foramen ovale was found patent in 20 to 35% of cases.
Anatomic studies by Thompson (I) in 1,100 consecutive
autopsy cases demonstrated a "pencil patent" (> 0.7 em)
foramen ovale in 6% of cases and a "probe patent" (about
0.2 em diameter) foramen ovale in 29% of cases. Never-
theless, in the subgroup of patients with paradoxical em-
bolism, embolic events occurred in the patients with a probe
patent foramen ovale as well as in those with a larger defect.
In a study by Cheng (7), a "catheter patent" foramen was
found in 25% of all children and in 10% of all adults who
underwent cardiac catheterization utilizing the femoral vein
approach. Contrast echocardiography associated with a pro-
vocative test appears to be a more sensitive method for
demonstrating small degrees of right to left shunt than ox-
imetry (14-16) or dye-dilution curves (15), although in-
docyanine green dye-dilution curves can detect right to left
shunts as small as 2.5 % of systemic blood flow (17).
Contrast echocardiography during the Valsalva ma-
neuver to detect patency of a foramen ovale, In 9 (25%)
of 36 patients with systemic arterial embolism of unknown
origin, Gross et al. (8) reported a right to left shunt at the
atrial level in 3 patients during normal respiration and in 6
patients during the Valsalva maneuver. In a series of 11
patients with hemodynamically proven patent foramen
ovale, Kronik and Mosslacher (9) demonstrated the presence
of a right to left shunt at the atrial level in 7 patients (sen-
sitivity 64%) . In our study, the same yield was reached with
the Valsalva maneuver (sensitivity 62%). Since right to left
shunting occurs predominantly from the inferior vena cava,
as in the fetal circulation, a higher sensitivity could have
been reached if injections of microcavitations had been made
in the inferior rather than the superior vena cava or its
tributaries (2,6,18). However, this site of injection cannot
Table 2. Sensitivity, Specificity, Positiveand Negative Predictive Values and Accuracy of Contrast Two-Dimensional
Echocardiographic Detection of Patent Foramen Ovale
Positive Negative
Sensitivity Specificity Predictive Predictive Accuracy
(%) (%) Value (%) Value (%) (%)
Normal breathing 40 (6115) 78 (7/9) 75 (6/8) 44 (7/16) 54 (13/24)
Valsalva maneuver 60 (9/15) 78 (7/9) 82 (9/11) 54 (7113) 67 (16124)
Cough test 100 (15/15) 78 (7/9) 88 (15/17) 100 (717) 92 (22/24)
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Figure 2. Patient 25. Simultaneous
right (identified by a dash) and left atrial
pressure tracings recorded during a Val-
salva maneuver (A). During the release
phase, the right atrial pressure is higher
than the left atrial pressure. The right
atrial pressure alone was extracted from
the data storage disk and is depicted in
(B) for comparison,
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Figure 3. Patient 26. Simultaneous
right and left (identified by a dash)
atrial pressure tracings recorded
during normal breathing (A) and
during a series of coughs (B). During
coughs, the normal transatrial pressure
gradient is reversed in early systole
(beats 8 and 9).
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Figure 4. Patient 8. Interatrial septum (lAS) time-motion pattern
recorded during normal respiration . The septum moves toward the
left atrium (LA) in early systole and toward the right atrium (RA)
in diastole (arrows). Ive = inferior vena cava.
be used in patients with suspected paradoxical embolism
associated with venous thrombosis of the lower limbs and
should not be recommended in patients referred to the echo-
cardiography laboratory for an ambulatory test.
Cough test to detect patency of foramen ovale. Using
the cough test and contrast injection in the subclavian vein
or superior vena cava (15 patients) or the right atrium (9
patients), it was possible to detect a patent foramen ovale
in alI 15 patients in whom cardiac catheterization further
confirmed the diagnosis. In addition . unequivocal positive
results were obtained with one to three cough tests , whereas
Kronik and Mosslacher (9) reported that 5 to 16 injections
(average 11) had been required when using the Valsalva
maneuver. In two patients with false positive results, ultra-
sound contrast medium appeared about five cardiac cycles
after total opacification of the right side of the heart , that
is, at a time when right heart microcavitations had been
partially cleared. Since no abnormal intracardiac or intra-
pulmonary communication was found at autopsy , it could
be speculated that some microcavitations had crossed the
pulmonary capillary bed (19).
Mechanism and timing of the transient right to left
shunt through a patent foramen ovale induced by the
Valsalva maneuver or cough. The Valsalva maneuver and
cough test have been shown to induce similar hemodynamic
changes (10) . The Valsalva maneuver causes a reversal of
the normal interatrial pressure gradient , with a resultant right
to left shunt through an atrial septal defect during the strain
phase (14-20) or more frequently during the release phase
(7,14,21). This is consistent with our hemodynamic and
echocardiographic findings in patients with a patent foramen
ovale . Simultaneous right and left atrial pressure curves
obtained during the cough test clearly demonstrated a similar
or even more pronounced reversal of the normal interatrial
pressure gradient. Hence, a temporary right to left shunt
might be expected to occur on the basis of these changes
during coughing. During the period of increased intratho-
racic pressure (strain phase of the Valsalva maneuver or
forced expiration during a cough) , systemic venous return
is impeded (22,23). During the release phase of the Valsalva
maneuver (7,9) or the time interval between two consecutive
coughs, the sudden rush of systemic venous blood into the
right atrium, at a time when the left atrium receives less
blood from the pulmonary veins , is mainly responsible for
the reversal of the interatrial pressure gradient in favor of
right over left atrial pressure . This is in agreement with the
flattening or reversal of the normal curvature of the inter-
atrial septum observed in the present study on the echocar-
diographic four chamber views .
Echographic pattern of atrial septal motion . Phy s-
iologic studies (24-26) with atrial pressure-flow dynamic s,
angiography and dye-dilution curves have consistently
shown minor amounts of right to left shunting during early
systole in patients with an uncomplic ated atrial septal defect.
This transient right to left shunt occurs coincidently with
the onset of ventricular contraction, at a time when the
atrioventricular valves are closed and both atria are in their
relaxation period . Because the interatrial septum is a mem-
branous structure separating the two atrial chambers, its
motion should be determined by the transseptal atrial pres-
sure gradient. The echocardiographic motion pattern of the
atrial septum has been well analyzed (12,27,28). According
to these studies, the atrial septum is flat or convex toward
JACC V, ,j 4, No.3
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the left atrium in early systole, and its motion pattern is
very similar to the contour of the measured differential pres-
sure between the atria.
The echocardiographic motion pattern of the atrial
septum recorded in one of our patients with a patent foramen
ovale (Fig. 4) closely mimics the differential pressure de-
scribed by several authors (12,24). Vandenboshe and En-
glert (27) proposed that the timing of the leftward motion
of the atrial septum could be related to the fact that left
atrial systole ends before right atrial systole. Appearance of
contrast material in the left atrium in early systole during
the Valsalva maneuver or cough test, as determined in the
present study by frame by frame analysis, suggests that both
provocative techniques merely enhance the physiologic left-
ward motion of the atrial septum, and thereby open (or open
wider) the foramen ovale, with a resultant right to left shunt
only at this phase of the cardiac cycle. Finally, because the
release phase of the Valsalva maneuver (that is, the period
during which a reversal of the interatrial pressure gradient
can be induced) lasts for only I or 2 beats, one might expect
only a small right to left shunt or no shunt at all, depending
on proper timing of contrast injection. On the other hand,
coughing is the equivalent of a series of Valsalva maneuvers,
which increases the likelihood that contrast injection coin-
cides with several short periods of reversed pressure gradient
and satisfactory echocardiographic recording. This may ex-
plain why demonstration of right to left shunting may require
as many as II injections with the Valsalva maneuver (9)
and only I to 3 injections with the cough test.
Clinical implications. Several cardiac conditions may
reverse the normal atrial pressure relation, with resultant
right to left shunting. The most common cause is pulmonary
embolism; 92% of the 150 reported cases of paradoxical
embolism collected by Deliere et al. (29) were related to
the migration of a thrombus through a patent foramen ovale
and increased right heart pressures that resulted from pul-
monary embolism in 83% of cases. Until 1972, only 12 of
the reported 128 cases of paradoxical embolism had been
diagnosed antemortem (6). Since then, numerous additional
cases have been detected using dye-dilution curves (2,5-7)
or contrast echocardiography (9,11,30). Paradoxical air em-
bolism may occur during neurosurgical procedures per-
formed in the sitting position (31,32). Right to left shunting
through a patent foramen ovale has also been reported to
aggravate or even cause severe hypoxemia in patients with
pulmonary embolism (33) and chronic obstructive pulmo-
nary disease (18) and after pneumonectomy (34), mechan-
ical ventilation with positive end-expiratory pressure, (35-
37) and acute inferior myocardial infarction associated with
right ventricular extension (38,39). In such patients, the
degree of hypoxemia should not be related only to the se-
verity of the underlying disease (that is, the extent of pul-
monary vascular obstruction, the severity of alveolar hy-
poventilation or the degree of left ventricular failure
[37,40]), and one should consider possible right to left
shunting through a patent foramen ovale. In addition, one
should be careful when initiating volume expansion to cor-
rect suspected hypovolemia or using mechanical ventilation
with positive end-expiratory pressure since these procedures
may further aggravate the right to left shunt (35,37,38).
We thank Myriam Briez for outstanding secretarial assistance in the prep-
aration of the manuscript.
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